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Circular dichroism (CD) is in widespread use as a means of determining enantiomeric excess. We
show how slow-light phenomena in dispersive structured media allow for a reduction in the required
optical path length of an order of magnitude. The same ideas may be used to enhance the sensitivity
of CD measurements while maintaining the same optical path length through the sample. Finally,
the sensitivity may be enhanced in frequency regimes where CD data is typically not accessible due
to a modest chiral response of the enantiomers.
The determination of enantiomeric excess is of vital
importance in e.g. the pharmaceutical and biochemi-
cal industries. While most biological chiral molecules
only occur naturally with a single handedness, industrial
production of enantiomerically pure products is an ex-
tremely difficult and challenging task. While one enan-
tiomer may have the desired effect, the effect of the other
enantiomer may be less pronounced or may even be toxic
in some cases, placing a strong requirement on the devel-
opment of tools for determination and quantification of
enantiomeric excess. One widespread and commercially
available tool for measuring enantiomeric excess is the
Ultraviolet-Circular Dichroism (UV-CD) method, which
combines ordinary UV spectroscopy with a measurement
of circular dichroism (CD) to determine the enantiomeric
excess of a sample.1 UV light is usually required, be-
cause most relevant biochemical molecules of interest ab-
sorb predominantly in the UV region. While UV spec-
troscopy provides information on the total concentration
cR + cS of both types of enantiomers, CD measurements
provide information on the difference cR − cS . A com-
bined UV-CD measurement thus immediately gives the
enantiomeric excess (cR − cS)/(cR + cS) of a sample.
With the on-going emphasis on miniaturization of chem-
ical analysis systems2 there is an increased emphasis on
optofluidics3,4,5 and the integration of optics with lab-
on-a-chip microsystems.6 In particular, there is a strong
desire for enhancement of the sensitivity of optical mea-
surements, in order to accommodate the strongly re-
duced optical path length in such systems.7 In this Letter
we theoretically show how the introduction of dispersive
structured media in CD measurements may allow for a
reduction in the required optical path length of an order
of magnitude, while maintaining the same signal-to-noise
ratio.
Consider a typical setup for measuring chiral dichro-
ism, as illustrated schematically in Fig. 1a.8 Here, light
from a UV source is directed to a polarizer and then
modulated between left- and right-handed circularly po-
larized light by a photoelastic modulator (PEM). The
resulting circularly polarized light of intensity I0 is then
passed through a flow cell of length L, and the differ-
ence in transmitted intensity, IL/R of each polarization is
measured. The absorption parameter of the chiral liquid
is given as αi for left (i = L) and right (i = R) circu-
larly polarized light, respectively. To lowest order in the
concentrations αi ∝ ci with the constants of proportion-
ality known as the extinction coefficients. We then find,
using Beer’s law, that the difference in intensity of the
transmitted light, ∆I ≡ IL − IR, is given as
∆I = I0
(
e−αLL − e−αRL
)
. (1)
To maximize the signal to noise ratio for such a measure-
ment, L should be chosen so that
L =
ln (αL/αR)
αL − αR
, (2)
for which ∆I/I0 is at an extremum. In typical, com-
mercially available UV-CD apparatus, L ≈ 1 ∼ 25 mm,9
though this may not necessarily be the optimum length.
Consider now the situation in which the liquid is em-
bedded in a dispersive photonic crystal, as illustrated
schematically in Figs. 1b-d. Due to slow-light phenom-
ena the light-matter interactions are enhanced in the pho-
tonic crystal, as shown recently by Mortensen and Xiao
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FIG. 1: (Color online) (a) Schematics of a measurement of
circular dichroism, in which the difference in absorbance of left
and right circularly polarized light is measured. If the sample
contains a chiral liquid, I(L) 6= I(R). (b)-(d) Examples of
photonic crystals facilitating slow-light phenomena, strongly
enhancing the light-matter interactions in the sample.
2in Refs. 10 and 7. This enhancement may be quantified
via an enhancement factor γ ≡ αe/α, where αe is the ab-
sorption parameter when the photonic crystal is present.
The dimensionless enhancement factor is given as7,10
γ = f ×
c/nl
vg
, (3)
where nl is the refractive index of the liquid, vg is the
group velocity and f is the filling factor giving the rel-
ative optical overlap with the liquid. In the absence of
the photonic crystal, vg = c/nl and consequently γ = 1.
Eq. (3) has been derived in the case of a photonic crystal
infiltrated by a non-chiral liquid with absorption coeffi-
cient α.10 To justify its use also for weakly chiral liquids
we recall the constitutive relations for the chiral problem
D = ǫ(r)E(r) + iξ(r)B(r), (4a)
H =
1
µ(r)
B(r) + iξ(r)E(r), (4b)
where ξ is a parameter quantifying the chiral strength of
the liquid. Combining Maxwell’s equations we arrive at
the standard wave equation for the non-chiral problem
to first order in ξ. In other words, standard electromag-
netic perturbation theory shows that to lowest order in
ξ no frequency shifts are introduced by chirality. Conse-
quently, we may in a first order approximation use the
same group velocity vg for both directions of circular po-
larization of the incident light. Including slow-light phe-
nomena in the previous discussion via the enhancement
factor, we thus find that the maximum signal to noise
ratio is found when
γL =
ln (αL/αR)
αL − αR
. (5)
This result suggests, quite intuitively, that a large en-
hancement factor facilitates miniaturization of circular
dichroism setups. Such a miniaturization is crucial for
possible future implementations of chirality measure-
ments in lab-on-a-chip systems. If one considers lower
concentrations of chiral molecules, then the optimum
value of γL will increase, and, conversely, a larger value
of γL will increase the measurement sensitivity at low
concentrations. Thus, the sensitivity of existing CD mea-
surements may be increased, while maintaining the same
optical path length through the sample. Also, it may al-
low for tuning the setup to accommodate different types
of molecules, by dynamically altering the dispersion re-
lation. This may be accomplished, e.q., by tuning the
wavelength of the incident light or the refractive index of
the materials of the structure.
As a specific example, we consider a Bragg stack
as shown in Fig. 1b, consisting of alternate layers of
Poly(methyl methacrylate) (PMMA) and the chiral liq-
uid. PMMA is transparent to UV light down to ap-
proximately 300 nm, which is a requirement for most
applications involving biochemical molecules. In Fig. 2a
we show the band structure for a Bragg stack of period
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FIG. 2: (Color online) Bragg stack of period Λ = al + a0,
with nl = 1.33, n0 = 1.7, al = 0.8Λ, and a0 = 0.2Λ. (a)
Photonic band structure for normal incidence of either TM
or TE polarized light. (b) Corresponding enhancement factor
γ, which exhibits marked peaks near the photonic band-gap
edges, where it increases several orders of magnitude. Inset:
Enhancement factor as a function of wavelength in the UV
region, for a structure with Λ = 250 nm. The wavelength
range corresponds to the region indicated by dashed lines.
Λ = al + a0, where al = 0.8Λ, and a0 = 0.2Λ. We use
nl = 1.33 for the chiral liquid, and a value of n0 = 1.7
for the refractive index of PMMA.11 For all numerical re-
sults presented, fully-vectorial eigenmodes of Maxwell’s
equations with periodic boundary conditions were com-
puted by preconditioned conjugate-gradient minimiza-
tion of the block Rayleigh quotient in a planewave basis,
using a freely available software package.12 We note that
near the band-gap edges, the first derivative of the dis-
persion relation approaches zero, resulting in a strongly
reduced group velocity vg = ∂ω/∂k. On the other hand,
for the dielectric-like bands7 the eigenmodes are strongly
localized in the high-index material near the band-gap
edges and thus f ≪ 1. Nevertheless, as seen in Fig. 2b,
the enhancement factor γ still exceeds unity by an order
of magnitude. This is discussed in more detail, and for
2D photonic crystals such as those in Figs. 1c and 1d, in
Refs. 7 and 10. In the inset of Fig. 2b we show the en-
hancement factor as a function of wavelength in the UV
region. The wavelength is calculated for a structure with
a period Λ = 250 nm, which is attainable using existing
fabrication methods.13 We note that for the considered
example the enhancement factor exceeds unity by an or-
der of magnitude for wavelengths within the UV range.
In biochemical applications, the refractive index of the
liquid may vary depending on the specific buffer in use. It
is thus instructive to investigate the dependence of these
results on the refractive index of the liquid. Recently,
Erickson et al. showed how the optical properties of pla-
nar photonic crystal structures can tuned by varying the
liquid refractive index.14 The effect is conveniently an-
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FIG. 3: (Color online) (a) Enhancement factor for the Bragg
stack of Fig. 2 as a function of wavelength in the UV region,
for three different values of the refractive index nl of the liq-
uid. (b) Contour plot of the enhancement factor γ(λ,nl). The
regions in which γ exceeds unity are indicated. The dashed
line indicates the wavelength corresponding to the middle of
the band gap.
alyzed within the framework of electromagnetic pertur-
bation theory7 and as the refractive index is increased,
spectral features are generally redshifted. The enhance-
ment factor for the Bragg stack of Fig. 2 is shown in
Fig. 3a, as a function of wavelength in the UV region
for three different values of the refractive index of the
liquid. As the index contrast is decreased, the photonic
band-gap edges are redshifted and the band gap size is
decreased. However, the enhancement factor still exceeds
unity within the UV region for all three values of nl. In
Fig. 3b we show a contour plot of the enhancement fac-
tor γ in a λ versus nl diagram, indicating the regions
in which γ > 1 as the refractive index of the liquid is
varied in the range from nl = 1.2 to nl = 1.5. As the
index contrast is decreased, the regions of γ > 1 become
narrower, but even for a very low index contrast, the
enhancement factor still exceeds unity within the UV re-
gion. In the figure we have also indicated the position
of the center of the relevant band gap, λc, as a function
of the refractive index of the liquid. In this particular
case, the enhancement is due to the second-lowest band
gap, the center of which can be approximated excellently
by λc ≃ alnl + a0n0 obtained by extrapolating the long
wavelength limit dispersion relation. The wavelengths for
which the enhancement factor exceeds unity thus grow
approximately linearly with the refractive indices of ei-
ther material of the Bragg stack, as is also clearly evident
in Fig. 3b. One can thus imagine tuning the dispersion
by altering the refractive index of the buffer liquid in
which the chiral molecules are deposited. This would al-
low for alignment of the position of the desired enhance-
ment factor with the relevant absorption wavelengths of
the chiral molecules under investigation. Alternatively,
one may use the strong frequency dependence of γ in
combination with a tunable laser source to optimize the
γ(ω)L product to match the enantiomeric composition.
The strong frequency dependence of γ means that the
value of γ(ω)L may be tuned to match a wide range of
enantiomeric compositions, while keeping the frequency
within the absorbance peak of the molecules. Conse-
quently, the detection range of current CD measurements
may be significantly increased. Finally, while the UV
regime is typically the preferred natural regime for CD
we envision that the slow-light phenomena can be used to
enhance the otherwise even more weakly chiral response
in other frequency regimes, thus potentially paving the
way for efficient CD at also longer wavelengths such as
the visible and near-infrared regimes.
In conclusion, we have shown how dispersive struc-
tured media may be used as a means of enhancing mea-
surements of circular dichroism. Due to slow-light phe-
nomena, the optical path length required for the largest
signal-to-noise ratio of a CD measurement may be re-
duced by more than an order of magnitude. Conversely,
these ideas may be used to enhance the sensitivity of
CD measurements while maintaining the same optical
path length. By tuning the dispersion relation, the pro-
posed ideas may be used to accommodate different types
of molecules with in principle no loss of sensitivity. While
we have only presented results for a 1D Bragg grating
here, similar results apply to 2D photonic crystals, for
which slow-light phenomena also occur.7,10
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